Psychiatric Risk Factor ANK3/Ankyrin-G Nanodomains Regulate the Structure and Function of Glutamatergic Synapses  by Smith, Katharine R. et al.
Neuron
ArticlePsychiatric Risk Factor ANK3/Ankyrin-G
Nanodomains Regulate the Structure and Function
of Glutamatergic Synapses
Katharine R. Smith,1 Katherine J. Kopeikina,1 Jessica M. Fawcett-Patel,1 Katherine Leaderbrand,2 Ruoqi Gao,1
Britta Schu¨rmann,1 Kristoffer Myczek,1 Jelena Radulovic,2,3 Geoffrey T. Swanson,3 and Peter Penzes1,2,*
1Department of Physiology
2Department of Psychiatry and Behavioral Sciences
3Department of Pharmacology
Northwestern University Feinberg School of Medicine, Chicago, IL, 60611 USA
*Correspondence: p-penzes@northwestern.edu
http://dx.doi.org/10.1016/j.neuron.2014.10.010SUMMARY
Recent evidence implicates glutamatergic synapses
as key pathogenic sites in psychiatric disorders.
Common and rare variants in the ANK3 gene, encod-
ing ankyrin-G, have been associated with bipolar dis-
order, schizophrenia, and autism. Here we demon-
strate that ankyrin-G is integral to AMPAR-mediated
synaptic transmission and maintenance of spine
morphology. Using superresolution microscopy we
find that ankyrin-G forms distinct nanodomain struc-
tureswithin the spine head and neck. At these sites, it
modulates mushroom spine structure and function,
probably as a perisynaptic scaffold and barrier within
the spine neck. Neuronal activity promotes ankyrin-G
accumulation in distinct spine subdomains, where it
differentially regulates NMDA receptor-dependent
plasticity. These data implicate subsynaptic nanodo-
mains containing a major psychiatric risk molecule,
ankyrin-G, as having location-specific functions and
open directions for basic and translational investiga-
tion of psychiatric risk molecules.INTRODUCTION
Synaptic plasticity is thought to underlie learning and memory,
tuning of neural circuitry, and information storage in the brain.
Two major postsynaptic processes are involved in plasticity of
glutamatergic synapses: modifications in number of AMPA re-
ceptors (AMPARs) and alterations in size and shape of dendritic
spines (Bosch and Hayashi, 2012). Spines are highly specialized
and dynamic subcellular compartments that undergo structural
plasticity (Sala and Segal, 2014). During one form of plasticity,
long-term potentiation (LTP), spines become larger and more
stable with an increased abundance of AMPARs, thereby
strengthening synapse function (Makino and Malinow, 2009).
The mechanisms by which this occurs have been extensivelystudied (Sala and Segal, 2014), though how this process may
be disrupted in disease remains unclear.
Spines harbor an array of scaffolding proteins (including
PSD95), which are responsible for localization of membrane
proteins such as AMPARs, enabling optimum positioning for
synaptic transmission. Spines are also highly enriched in cyto-
skeletal elements including F-actin and b-spectrin (Blanpied
et al., 2008; Cingolani and Goda, 2008). Recent studies using
superresolution microscopy revealed that the organization of
core synaptic components is more complex than previously
appreciated; scaffolds and AMPARs are organized into sub-
synaptic domains that rearrange during plasticity (Kerr and
Blanpied, 2012; MacGillavry et al., 2013; Nair et al., 2013). This
phenomenon underscores the molecular complexity of the syn-
apse, providingmechanistic insight into theworkings of the PSD,
and suggests how this function might go awry in pathogenic
situations. Superresolution imaging therefore enables discovery
of previously unanticipated architectural and functional features
of synapses.
Glutamatergic synapses and spine morphology have been
implicated as key sites of pathogenesis in neuropsychiatric dis-
orders including schizophrenia (SZ), autism spectrum disorders
(ASDs), and intellectual disability (ID) (Penzes et al., 2011, 2013).
Genetic studies support these findings by implicating genes that
encode synaptic proteins in the etiology of these disorders
(Gilman et al., 2011; Nurnberger et al., 2014; Purcell et al.,
2014). Synaptic deficits and reduced plasticity have also been
linked to bipolar disorder (BD) (Lin et al., 2012), although the syn-
aptic biology that contributes to pathogenesis of BD remains
elusive. BD and other neuropsychiatric disorders may share
common genetic risk factors, the study of which might reveal
shared pathogenic mechanisms. The human ANK3 gene is a
leading BD risk gene also associated with SZ, ASD, and ID
(Ferreira et al., 2008; Schulze et al., 2009). Rare pathogenic
mutations in ANK3 were identified in patients with ID/ADHD
(Iqbal et al., 2013) and ASD (Bi et al., 2012), making ANK3 a com-
mon genetic risk factor for neuropsychiatric diseases; however,
the role that ANK3 may play in pathogenesis remains unknown.
ANK3 encodes ankyrin-G, a scaffolding adaptor that links
membrane proteins to the actin/b-spectrin cytoskeleton, orga-
nizing proteins into discrete domains at the plasma membraneNeuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc. 399
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Ankyrin-G Nanodomains Regulate Dendritic Spines(Bennett and Healy, 2009). Multiple isoforms of ankyrin-G exist
in neurons, sharing three conserved domains: an N-terminal
membrane association domain, a spectrin-binding domain,
and a C-terminal tail (Bennett and Healy, 2009). The 270/
480 kDa isoforms have well-documented roles at the axon initial
segment (AIS) and nodes of Ranvier (NoR; Rasband, 2010).
The role of the 190 kDa isoform in neurons, however, is less
well characterized. Some studies have suggested that ankyrin-
G may also reside at synapses: giant isoforms are essential
for stability of the presynapse at the Drosophila neuromuscular
junction (Koch et al., 2008; Pielage et al., 2008) and proteomic
analyses have detected ankyrin-G in rodent PSD prepara-
tions (Collins et al., 2006; Jordan et al., 2004; Nanavati et al.,
2011). It remains unclear how synaptic ankyrin-G might
impact spine organization or plasticity and contribute to disease
pathogenesis.
Here we demonstrate that ankyrin-G is integral to AMPAR-
mediated synaptic transmission and maintenance of spine
morphology. Using superresolution microscopy, we find
ankyrin-G forms distinct nanodomain structures within the spine
head and neck. At these sites, it modulates mushroom spine
structure and function, probably as a perisynaptic scaffold and
barrier within the spine neck. We show that neuronal activity
promotes ankyrin-G accumulation in spine subdomains, where
it contributes to NMDA receptor-dependent plasticity. These
data implicate subsynaptic nanodomains of a major psychiatric
risk molecule, ankyrin-G, as having location-specific functions
and opens novel directions for basic and translational investi-
gation of psychiatric risk molecules.
RESULTS
Ankyrin-G Knockdown Impairs AMPAR-Mediated
Synaptic Transmission and Spine Maintenance
Studies have suggested that ankyrin-G plays a role in neuronal
function beyond its well-characterized actions at the AIS
(Collins et al., 2006; Koch et al., 2008; Pielage et al., 2008). We
hypothesized that ankyrin-G is involved in excitatory synaptic
transmission. To test this, we utilized RNAi to knockdown
ankyrin-G in mature cortical neuronal cultures. We tested four
RNAi constructs in ankyrin-G-transfected HEK cells (Figure S1A
available online) and used the most effective (RNAi 4) experi-
mentally (Figures S1B and S1C). RNAi 4 led to significant
reduction of ankyrin-G levels in the soma, AIS, and dendrites
compared with control neurons (soma **p < 0.01, AIS and
dendrite ****p < 0.0001, two-way ANOVA, Figure S1C).
To investigate synaptic function of ankyrin-G in neurons, we
performed whole-cell electrophysiological recordings of minia-
ture excitatory postsynaptic currents (mEPSCs) from control
and knockdown neurons (Figure 1A). Ankyrin-G knockdown
caused a significant 26% reduction in mEPSC amplitude (*p =
0.015, t test, Figures 1B and 1C; Figure S1D) with no change in
frequency (p = 0.621, t test, Figure 1D), suggesting that the effect
of ankyrin-G knockdown is primarily postsynaptic. Since spine
function and structure are linked, we tested whether ankyrin-G
played a role in maintenance of spine morphology. Analysis of
control or knockdown neurons imaged by confocal microscopy
revealed that knockdown caused a significant 18% decrease in400 Neuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc.spine area (***p = 0.0003, Figures 1E–1G; Figure S1E), contrib-
uted to by both a decrease in spine length (**p = 0.0015) and
width (****p < 0.0001, width:length: p = 0.412, t tests, Figure S1F).
This effect on spine area was accompanied by an 18% decrease
in spine density (*p = 0.030, Figure 1H); however, concurrent
with no effect on mEPSC frequency, there was no change in
AMPAR cluster density as measured by confocal microscopy
of knockdown neurons immunostained for GluA1 (Figure S1G).
These experiments show that ankyrin-G is essential for main-
taining proper AMPAR-mediated synaptic transmission and
spine structure in cortical neurons.
Ankyrin-G Is Present in Dendrites and Spines
The effects of ankyrin-G knockdown on mEPSCs and spine
structure led us to investigate ankyrin-G at synaptic sites.
Confocal imaging of neurons immunostained for endogenous
ankyrin-G revealed the expected localization in the AIS (open
arrowheads, Figure 2A), but also a robust presence at the plasma
membrane of the soma (arrows) and puncta throughout the den-
dritic tree (arrowheads). We examined ankyrin-G antibody spec-
ificity using two additional antibodies and found that all three had
similar distributions (Figure S2A). Immunoreactivity from our
ankyrin-G pAb is highly reduced (72%) in ankyrin-G knockdown
neurons (Figure S2B) and specifically recognizes both GFP-
tagged protein and bands of the correct molecular weight on
western blots (Figure S2C). In GFP-expressing neurons, we
observed ankyrin-G puncta in spines and along the dendritic
shaft (Figure 2B). To confirm presence of ankyrin-G at synapses,
we immunostained for ankyrin-G and either the presynaptic
marker bassoon (Figure 2C) or postsynaptic scaffold PSD95 (Fig-
ure 2D); both markers exhibited substantial colocalization with
ankyrin-G (Figure S2D). In cortical slices immunostained for an-
kyrin-G and bassoon, ankyrin-G also localized to the AIS and
synaptic sites (Figure S2E). Our data thus indicate that endoge-
nous ankyrin-G is present at synaptic sites in addition to the AIS.
Ankyrin-G Forms Discrete Perisynaptic and Neck
Nanodomains in Spines
Recent studies indicate that molecules in spines are organized
both spatially and functionally into subsynaptic domains (Chen
and Sabatini, 2012; MacGillavry et al., 2011). We were therefore
interested in the nanoscale organization of ankyrin-G at synap-
ses with a view that this might reveal potential functions for
this protein. Due to the limited resolution of confocal micro-
scopy, we utilized a superresolution microscopy technique:
structured illumination microscopy (SIM [Gustafsson, 2005]).
To analyze postsynaptic organization, we imaged cortical
neurons expressing GFP and immunostained for ankyrin-G
(Figure 2E), which revealed that ankyrin-G is not contained within
a single homogenous complex but is distributed into small
domains throughout spine heads (Figure 2F). Surprisingly, we
also found ankyrin-G localized to the spine neck (Figure 2F,
open arrowheads), an understudied structure of the spine due
to its size. Because the mean area of these domains was below
the resolution of confocal microscopy, 131 ± 6 nm2, we termed
them ‘‘nanodomains.’’
To gain insight into the specific function of ankyrin-G, we
analyzed the localization of ankyrin-G nanodomains relative to
Figure 1. Ankyrin-G Knockdown Impairs Synaptic Transmission and Spine Maintenance
(A) Representative AMPAR-mediated mEPSC traces from control or ankyrin-G knockdown neurons.
(B) Bar graph of mEPSC amplitude (32.76 ± 3.68 pA to 24.03 ± 1.21 pA, *p = 0.015, n = 15 cells), data are represented as mean ± SEM.
(C) Cumulative probability graph of mEPSC amplitudes (n = 15 cells).
(D) Bar graph of mEPSC frequency (p = 0.621, n = 15 cells; n.s., nonsignificant), data are represented as mean ± SEM.
(E) Confocal images of control or ankyrin-G knockdown neurons. Scale bar = 5 mm.
(F) Bar graph showing ankyrin-G RNAi causes a decrease in spine area compared with control (0.494 ± 0.16 mm2 to 0.404 ± 0.014 mm2, ***p = 0.003, n = 16–18
cells), data are represented as mean ± SEM.
(G) Cumulative probability graph of spine areas (n = 16–18 cells).
(H) Bar graph showing ankyrin-G RNAi causes a decrease in spine density compared with control (8.39 ± 0.43 to 6.80 ± 0.53 spines/10 mm,*p = 0.030, n = 16–18
cells), data are represented as mean ± SEM. See also Figure S1.
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Ankyrin-G Nanodomains Regulate Dendritic SpinesPSD95.We imagedGFP-expressing neurons immunostained for
ankyrin-G and PSD95 (Figures 2G–2I and Figures S2F and S2G).
Manders’ colocalization coefficients confirm that ankyrin-G
overlaps with both PSD95 and bassoon to the same extent
and is both pre- and postsynaptic in cortical neurons, in agree-
ment with previous reports of ankyrin-G location at the presy-
napse (Figures S2F and S2G [Pielage et al., 2008]). Frequently,
multiple ankyrin-G nanodomains were found adjacent to or
directly overlapping with PSD95, with a mean distance from
the center of an ankyrin-G nanodomain to the center of the
PSD being 0.378 ± 0.015 mm. A linescan through the spine
head shows that peaks of fluorescence for ankyrin-G and
PSD95 do not overlap (Figure 2H) and suggest a perisynaptic
location for ankyrin-G as confirmed by 3D reconstruction (Fig-
ure 2I, Figure S2I, and Movie S1). We categorized synapses
into three groups to describe the relationship of ankyrin-G
nanodomains to PSD95: (1) single nanodomain, (2) multiple
nanodomains around the PSD, and (3) complete overlap of nano-
domains (Figure S2H); 52% of spines fell into the second cate-
gory, having two or more ankyrin-G nanodomains surroundingPSD95 (Figures 2J and 2K). Together, these SIM data led us
to a model where ankyrin-G forms nanodomains in two main
locations within the spine: in the spine head surrounding the
PSD and within the spine neck (Figure 2L). Thus, ankyrin-G
nanodomains are in a prominent position to potentially modulate
glutamatergic synaptic transmission.
Ankyrin-G Nanodomain Localization Associates
with Spine Morphology
To understand how differential localization of ankyrin-G nano-
domains may correlate with spine morphology, we analyzed
neurons stained for endogenous ankyrin-G. Our analysis of spine
morphology showed that we could precisely measure spine
geometry using SIM (Figures 3A–3D), producing values similar
to other superresolution imaging studies (Tønnesen et al.,
2014). Ankyrin-G nanodomains were present in 96% of spines
and the number of nanodomains in the spine head directly corre-
lated with the dimensions of the spine head (Figure 3F; Figures
S3A and S3B). The mean ankyrin-G nanodomain area did not
vary with spine head size (Figures 3E and 3G; Figures S3C andNeuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc. 401
Figure 2. Ankyrin-G Forms Nanodomains in the Heads and Necks of Spines
(A) Confocal image of a neuron immunostained for ankyrin-G in the soma (arrows), axon (open arrowheads), and dendrites (closed arrowheads). Scale bar = 20 mm.
(B) Dendrite from neuron expressing GFP showing punctate ankyrin-G staining in the dendritic shaft and spines (arrowheads). Scale bar = 5 mm.
(legend continued on next page)
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Figure 3. Ankyrin-G Nanodomain Localization Associates with Spine Morphology, Based on SIM Imaging
(A–D) Frequency distributions of spine geometry: head area (A), head width (B), neck width (C), and neck length (D).
(E) Frequency distribution of ankyrin-G nanodomain area.
(F) Correlation plot of number of ankyrin-G nanodomains versus spine head area, n = 122 spines, 9 cells.
(G) Correlation plot of nanodomain area versus area of spine head (n.s.).
(H) Frequency histogram of PSD95 puncta area.
(I) Bar graph showing mean nanodomain and PSD95 area, ****p = 0.0001, data are represented as mean ± SEM.
(J) Correlation plot of number of nanodomains versus area of PSD.
(K) Correlation plot of nanodomain area versus area of PSD (n.s.).
(L) Bar graph of spine head, nanodomain, and PSD95 areas in spines with ankyrin-G in the head and neck or head only. Head area: 0.642 ± 0.031 mm2 to 0.490 ±
0.050 mm2, **p = 0.0067; ankyrin-G nanodomain area: 0.153 ± 0.014 mm2 to 0.177 ± 0.023 mm2, p = 0.174; PSD95 area: 0.511 ± 0.028 mm2 to 0.436 ± 0.072 mm2,
p = 0.350, n = 122 spines, 9 cells. Data are represented as mean ± SEM. See also Figure S3.
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Ankyrin-G Nanodomains Regulate Dendritic SpinesS3D), suggesting that they do not multimerize. PSD95 clusters
had a mean area of 0.464 ± 0.024 mm2 (Figures 3H and 3I), and
this area correlated with the number of nanodomains in the spine
head, rather than their mean area (Figures 3J and 3K). In addition(C and D) Confocal images of neurons stained for ankyrin-G and bassoon (C) an
(E) SIM z stack maximum projection of GFP-expressing neuron (left) immunosta
(F) Ratiometric SIM images of spines expressing GFP and immunostained for
arrowheads, spine neck nanodomains. Scale bar = 0.2 mm.
(G) SIM image of GFP-expressing neuron immunostained for ankyrin-G (red) and
(H) Linescan through spine head from boxed spine in (G).
(I) 3D reconstruction of boxed spine in (G). Scale bar = 0.5 mm. See also Movie S
(J) SIM images of PSDs from GFP-expressing neurons immunostained for ankyr
(K) Quantification of percentage of PSDs with each distribution.
(L) Schematic diagram of observed distributions of ankyrin-G nanodomains withto its presence in the spine head, 74% of spines had ankyrin-G
nanodomains in the neck (Figure S3E), and 99% of these spines
also had nanodomains in the head, correlating the presence of
ankyrin-G in the neck to its presence in the head (Figure S3F).d PSD95 (D). Arrowheads, colocalization. Scale bar = 5 mm.
ined for ankyrin-G (right, dendrite outlined in yellow). Scale bar = 5 mm.
ankyrin-G from image in (E). Arrowheads, spine head nanodomains; open
PSD95 (blue). Scale bar = 2 mm. Box indicates spine in (H) and (I).
1.
in-G and PSD95. Scale bar = 0.250 mm.
in spines. See also Figure S2.
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Figure 4. A Short Isoform of Ankyrin-G Regulates Spine Maintenance
(A) Schematic of the functional domains of 190 kDa and 270 kDa ankyrin-G isoforms. Note the serine-rich (Ser-rich) domain and tail insert are only present in the
270 kDa isoform.
(B) SDS-PAGE and western blots of synaptoneurosomes probed with antibodies to ankyrin-G, PSD95, and spectrin. Lysate, whole-cell cortical lysate; syn,
synaptoneurosomes.
(C) Confocal images of neurons expressing GFPAnkG190 or GFPAnkG270. Scale bar = 20 mm. Open arrowheads, AIS. Inset, zoom of dendrite; scale bar = 5 mm.
(D) Bar graph showing dendrite:axon intensity ratio of GFPAnkG190 or GFPAnkG270 (**p = 0.0018, n = 8–10 cells), data are represented as mean ± SEM.
(E) Bar graph showing reduced intensity of GFPAnkG270 in spines compared with GFPAnkG190 (***p = 0.0002, n = 10–12 cells), data are represented as
mean ± SEM.
(F) Confocal images of neurons expressing mCherry alone, +GFPAnkG190, or +GFPAnkG270. Scale bar = 5 mm.
(legend continued on next page)
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Ankyrin-G Nanodomains Regulate Dendritic SpinesThe presence of ankyrin-G in the spine neck in addition to the
head directly correlated with the spine head area, as spines
with neck nanodomains had significantly larger head areas
compared with spines where ankyrin-G was absent from the
neck, with no effect on the area of ankyrin-G or PSD95 clusters
(Figure 3L). Together, these data suggest a distinct role for
ankyrin-G at synapses that differs from classical scaffolding
proteins such as PSD95; ankyrin-G is found in discrete nano-
domains that are located both perisynaptically and in the spine
neck. Moreover, the number of nanodomains in the spine head
or associated with the PSD is correlated with both spine head
size and PSD size, with the additional presence of ankyrin-G in
the neck associated with larger spine heads.
A Short Form of Ankyrin-G Is Localized to Spines
There are multiple isoforms of ankyrin-G in the brain, with two
of the most prevalent being the 190 and 270 kDa isoforms
(Figure 4A [Bennett and Healy, 2009]). The 270 kDa isoform is
restricted to axons due to the presence of a serine-rich domain
and a long, C-terminal tail (Zhang and Bennett, 1998); however,
the shorter 190 kDa isoform lacks these domains. Given our data
showing endogenous ankyrin-G at the PSD and the prevalence
of the 190 kDa isoform in the rat frontal cortex (Figure S4A),
we hypothesized that the short isoform might be localized to
spines. Consistent with this idea, synaptoneurosome prepa-
rations from rat cortex revealed significant enrichment of the
190 kDa isoform of ankyrin-G in synaptic lysate (Figure 4B).
We expressed GFP-tagged 190 kDa and 270 kDa ankyrin-G
in neurons and used confocal imaging to determine their locali-
zation (Figure 4C). Expression of GFPAnkG270 was restricted
to the axon and soma with low expression in dendrites. In
comparison, GFPAnkG190 was expressed in the AIS, soma,
throughout the dendritic tree, and in spines (Figure 4C, inset).
Quantification of ankyrin-G abundance in axonal and dendritic
compartments showed equal intensity of GFPAnkG190 in both
compartments, compared with GFPAnkG270, which was far
more localized to the axon (**p = 0.0018; Figure 4D). Quantifi-
cation of the fluorescence intensity of both isoforms in spines
revealed 60% less spine localization of GFPAnkG270 compared
withGFPAnkG190 and a reduced spine:shaft ratio (***p < 0.0002;
Figures 4E and S4B), suggesting that the 190 kDa isoform is
localized at synaptic sites in cortical neurons.
Ankyrin-G Isoforms Differentially Regulate
Spine Morphology
The differential distribution of ankyrin-G isoforms suggests
that they may have distinct effects on spine morphology.
We expressed GFPAnkG190 and GFPAnkG270 isoforms with
mCherry in neurons and imaged them with confocal microscopy
(Figure 4F). Overexpression of GFPAnkG190 caused a 24%(G) Bar graph of spine area showing overexpression of GFPAnkG190 cause
GFPAnkG270 causes a decreased spine area (0.485 ± 0.021 mm2 to 0.605 ± 0.03
*p < 0.05, n = 17–22 cells), data are represented as mean ± SEM.
(H) Confocal images of cortical neurons transfected with control RNAi, anky
Scale bar = 5 mm.
(I) Bar graphs showing decreased spine area in knockdown neurons compared
**p < 0.01, *p < 0.05, n = 16–18 cells), data are represented as mean ± SEM. Seincrease in spine area compared with control (**p < 0.0001,
one-way ANOVA; Figure 4G), contributed by both an increase
in spine length and head width and no effect on spine density
(Figure S4C), suggesting that at this mature time point, an-
kyrin-G190 is primarily modulating the maintenance of existing
spines. Conversely, overexpression of GFPAnkG270 caused a
22% decrease in spine area (*p = 0.0001; Figures 4F and 4G).
To confirm a specific role for 190 kDa ankyrin-G in spine main-
tenance and growth, we coexpressed ankyrin-G RNAi with
either RNAi-resistant AnkG190 or AnkG270 constructs and as-
sessed the ability of each to rescue the ankyrin-G knockdown
phenotype. Confocal imaging revealed that RNAi-resistant
constructs had the expected expression patterns (Figures S4D
and S4E). RNAi-resistant GFPAnkG190 completely rescued
the effects of RNAi knockdown; however, coexpression of the
GFPAnkG270 RNAi-resistant construct augmented the effects
of RNAi knockdown (similar to its overexpression phenotype),
causing a 24% decrease in spine area (Figures 4H and 4I and
Figure S4F). This supports our hypothesis that ankyrin-G190
is primarily responsible for the effects we observe on spine
morphology.
190 kDa Ankyrin-G Subspine Localization Impacts
Spine Morphology
We then utilized SIM to precisely localizeGFPAnkG190 in spines.
We imaged neurons expressing mCherry and GFPAnkG190
and found enrichment of the 190 kDa isoform in spine heads
and necks (Figure 5A). Linescans through the dendritic shaft and
individual spines illustrate enrichment of GFPAnkG190 within
the spine head (arrowheads) and peaks of fluorescence in the
spine neck (open arrowheads). Within single spine heads,
there are often multiple peaks of GFPAnkG190 fluorescence
(Figure 5A, zoom), highlighted by linescans across the spine
head (Figures 5B and 5C). SIM imaging of neurons expressing
GFPAnkG190 and immunostained for PSD95 showed that
GFPAnkG190 surrounds the central PSD rather than completely
overlapping with it (Figure S5A), supporting a perisynaptic
function for AnkG190 in the spine head.
Given the correlations between endogenous ankyrin-G
localization in the head and neck and spine geometry we hypo-
thesized that AnkG190 overexpression in these spine regions
may impact spine morphology. We analyzed neurons over-
expressing GFPAnkG190 and found that the presence of
GFPAnkG190 anywhere in the spine causes enlargement of
head and neck width in mushroom spines compared to spines
without GFPAnkG190 or spines from neurons expressing
mCherry alone (**p = 0.0071, **p = 0.0023; Figures 5D and
5E). This effect was specific to mushroom-type spines and
not thin spines (Figures S5B and S5C), although the overex-
pression of GFPAnkG190 caused no changes in the abundances increased spine area compared with control, whereas overexpression of
6 mm2[AnkG190] or to 0.377 ± 0.016 mm2 [AnkG270], ****p = 0.0001, **p < 0.01,
rin-G RNAi, ankyrin-G RNAi + 190rescue, or ankyrin-G RNAi + 270rescue.
with control, rescued by 190 kDa but not 270 kDa expression (***p = 0.0007,
e also Figure S4.
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Figure 5. 190 kDa Ankyrin-G Modulates
Spine Head and Neck Width, Based on SIM
Imaging
(A) SIM image of neuron expressing GFPAnkG190.
Scale bar = 2 mm. Box, spine in zoom; white lines,
linescans in (B) and (C). Scale bar = 1 mm.
(B and C) Linescans of ankyrin-G intensity from
shaft through neck and head (B) or across spine
head (C).
(D and E) Bar graphs of mushroom spine head
(D) and neck (E) widths on overexpression of or
absence of GFPAnkG190 compared with mCherry
control, (**p = 0.0071, **p = 0.0023, n = 131
spines), data are represented as mean ± SEM.
(F) Bar graphs of spine head area and neck width
on overexpression or absence of GFPAnkG190
in the head only, split by spine type (head area:
0.395 ± 0.042 mm2 to 0.631 ± 0.046 mm2, **p =
0.0015, neck width: p = 0.367), data are repre-
sented as mean ± SEM.
(G) Bar graphs of spine head area and neck width
on overexpression or absence of GFPAnkG190
in the head and neck, split by spine type (head
area: 0.455 ± 0.034 mm2 to 0.776 ± 0.103 mm2,
**p < 0.0018, neck width: 0.153 ± 0.003 mm to
0.189 ± 0.009 mm, ****p < 0.0001), data are rep-
resented as mean ± SEM.
(H) Schematic diagram showing GFPAnkG190
overexpression in the head only causes increased
spine head area (F). However, additional over-
expression in the neck increases spine head
enlargement and neck thickening (G). See also
Figure S5.
Neuron
Ankyrin-G Nanodomains Regulate Dendritic Spinesof mushroom spines (Figure S5D). We then analyzed the effects
of the presence of GFPAnkG190 overexpression in specific
regions on spine geometry. Overexpression of GFPAnkG190
in the head significantly increased head area by 59% in mush-
room spines only (**p = 0.0015, Mann-Whitney U; Figure 5F),
with no effect on neck width. In spines where GFPAnkG190
was overexpressed in the neck in addition to the head, there
was a larger 70% increase in head area and 23% increase
in neck width (**p < 0.0018, ****p < 0.0001, Mann-Whitney U;
Figure 5G), with no effect on thin spines. Therefore, the over-
expression of GFPAnkG190 in mushroom but not thin spines
causes changes in morphology, dependent on the location
of GFPAnkG190; overexpression in the head only causes
head enlargement, whereas additional overexpression in the
neck causes further head enlargement and neck thickening
(Figure 5H).406 Neuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc.b-Spectrin Binding Is Essential
for 190 kDa Ankyrin-G Localization
and Spine Morphology
Ankyrin-G is known to be an essential link
between the plasma membrane and the
cytoskeleton (Bennett and Healy, 2009).
We used STRING network analysis to
identify candidate proteins that may act
downstream of ankyrin-G to mediate the
effects we observe on spines (Figure 6A).This revealed multiple membrane proteins but only one candi-
date likely to link ankyrin-G to the cytoskeleton, b-spectrin
(SPTBN4). A binding partner andmodulator of the actin cytoskel-
eton, b-spectrin has been shown to be present in spines (Ursitti
et al., 2001). We hypothesized that the interaction between
ankyrin-G and b-spectrin is required for ankyrin-G’s function.
We created GFPAnkGAAA that contains a mutation rendering
it unable to bind b-spectrin (Figure 6B [Kizhatil et al., 2007]).
This mutant displayed significantly reduced localization to
spines compared with wild-type GFPAnkG190 (Figure 6C). Line-
scans of individual spines (Figure 6C, zooms) showed that
enrichment of GFPAnkG190 in spine heads (*p < 0.05, **p <
0.01, two-way ANOVA; Figure 6D) is abolished in neurons ex-
pressing the GFPAnkGAAA (Figure 6E; *p % 0.05, **p < 0.01,
***p < 0.001, two-way ANOVA). Indeed, the mutant had a diffuse
distribution with significantly higher expression in the dendritic
Figure 6. b-Spectrin Binding Is Crucial for
Ankyrin-G Synaptic Targeting and Function
(A) STRING analysis of ANK3 interactors. Red
rectangle highlights ANK3-SPTBN4 (b-spectrin)
interaction. Line colors represent types of evi-
dence: pink, experimental; green, text mining;
blue, databases; purple, homology.
(B) Schematic showing the functional domains
of 190 kDa isoform of ankyrin-G and the 999DAR/
AAA mutation that disrupts ankyrin-G binding to
b-spectrin.
(C) Confocal images of neurons expressing
mCherryalone,+GFPAnkG190,or+GFPAnkGAAA.
Scale bar = 5 mm. Zoom of spines with example
linescan; arrowheads, AnkG in head or shaft.
Scale bar = 1 mm.
(D–F) Linescan analysis of GFPAnkG190 and
GFPAnkGAAA in spines cotransfected with
mCherry, *p < 0.05, **p < 0.01, ***p < 0.001, n = 7–
12 cells, data are represented as mean ± SEM.
(G) Spine:shaft ratios of GFPAnkG fluores-
cence intensity show a decrease in ratio for
GFPAnkGAAA compared to GFPAnkG190 (**p =
0.0012, n = 6 cells), data are represented as
mean ± SEM.
(H) Bar graph of effects of GFPAnkG190 and
GFPAnkGAAA overexpression on spine area
(**p < 0.01, *p < 0.01, n = 12–20 cells), data are
represented as mean ± SEM.
(I) Bar graph of spine areas in the presence or
absence of GFPAnkG190 or GFPAnkGAAA (***p <
0.001, n = 12–13 cells), data are represented as
mean ± SEM.
(J) Bar graph of percentage of spine enlargement
in the presence or absence of GFPAnkG190/AAA
(*p = 0.0213, n = 11–13 cells), data are repre-
sented as mean ± SEM.
(K) Confocal images of neurons expressing GFP,
GFPAnkG190, or GFPAnkGAAA and immuno-
stained for GluA1. Scale bar = 5 mm.
(L) Bar graph of GluA1 cluster area quantification
(0.216 ± 0.013 to 0.253 ± 0.009, *p = 0.03, n = 11–
16 cells), data are represented as mean ± SEM.
See also Figure S6.
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Ankyrin-G Nanodomains Regulate Dendritic Spinesshaft and collection at the base of spines (*p% 0.05, **p < 0.01,
***p < 0.001, two-way ANOVA; Figure 6F). The spine to shaft ratio
of GFPAnkGAAA was reduced significantly by 36% (Figure 6G)
and more than 60% of spines had a spine to shaft ratio of
0.5 or less (Figure S6A), indicative of enrichment in the dendritic
shaft rather than in the spine head. GFPAnkGAAA expression
caused a decrease in spine area, contrary to the increase seen
with GFPAnkG190 overexpression (**p < 0.0001, *p < 0.001,Neuron 84, 399–415,p < 0.05, one-way ANOVA; Figure 6H).
The interaction between ankyrin-G and
b-spectrin therefore is critical for target-
ing ankyrin-G to spines in cortical
neurons.
We also asked whether the interaction
between ankyrin-G and b-spectrin was
important for spine enlargement. We
analyzed the area of spines imaged byconfocal microscopy and categorized by the presence or
absence of GFPAnkG190 or GFPAnkGAAA. Spines containing
GFPAnkG190 were 47% larger than spines without (***p <
0.001, one-way ANOVA; Figure 6I) but there was no difference
between the areas of spines containing GFPAnkGAAA com-
pared with spines without (p = n.s., one-way ANOVA). Spines
with GFPAnkG190 demonstrated 32% enlargement compared
to spines containing GFPAnkGAAA, which only showed 20%October 22, 2014 ª2014 Elsevier Inc. 407
Figure 7. Ankyrin-G Confines AMPARs to Spines
(A) Confocal images of control or knockdown neurons immunostained for GluA1 (red). Arrowheads, GluA1 in spines. Scale bar = 5 mm.
(B andC) Bar graphs showing quantification of GluA1 spine content (B) and cluster area (C) (from 0.287 ± 0.022 mm2 to 0.210 ± 0.011 mm2, *p = 0.011, **p = 0.0041,
n = 11–14 cells), data are represented as mean ± SEM.
(legend continued on next page)
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Ankyrin-G Nanodomains Regulate Dendritic Spinesenlargement (*p = 0.0213, t test; Figure 6J). Likewise, in SIM
analysis, GFPAnkGAAA overexpression abolished the effects
of GFPAnkG190 overexpression on mushroom spines (Fig-
ure 5G). Neither head area nor neck width was increased, even
with GFPAnkGAAA in both the head and neck (Figure S6C).
Even when GFPAnkGAAA is targeted to spines, its ability to
increase spine size is compromised, showing that the ability of
ankyrin-G to bind b-spectrin is not only important for ankyrin-G
targeting but also for mediating changes in morphology. We
then tested the impact of 190 kDa ankyrin-G on AMPAR clusters
by analyzing GluA1 cluster area in neurons transfected with
GFPAnkG190 or GFPAnkGAAA. We found a 17% increase of
cluster area with expression of GFPAnkG190, which was abol-
ished with GFPAnkGAAA (*p = 0.031, one-way ANOVA; Figures
6K and 6L), further pointing to the necessity of the ankyrin-G-
b-spectrin interaction for correct spine morphology and AMPAR
clustering.
Ankyrin-G Regulates AMPARs in Dendritic Spines
Our electrophysiological experiments show that ankyrin-G
knockdown reduces mEPSC amplitude (Figures 1A–1C), sug-
gesting reduction in synaptic AMPARs. We were able to rescue
this phenotype by coexpression of RNAi-resistant AnkG190
(Figures S7A–S7C), suggesting that synaptic ankyrin-G may
play a role in AMPAR regulation in spines. Confocal imaging of
neurons costained for ankyrin-G and GluA1 revealed that 60%
of ankyrin-G puncta colocalized with GluA1 puncta (Figures
S7D and S7E). To test whether ankyrin-G modulates GluA1 clus-
tering in spines, we immunostained ankyrin-G RNAi-transfected
neurons for GluA1, followed by confocal imaging (Figure 7A).
Ankyrin-G knockdown generated a 38% reduction in GluA1
intensity in the spine and a 22% reduction in GluA1 cluster
area (intensity: *p = 0.0106, area: *p = 0.045, t test, Figures 7B
and 7C), pointing to a mechanism where ankyrin-G knockdown
reduces GluA1 levels in spines and accounts for the reduced
mEPSC amplitude.
To understand the mechanism underlying regulation of
AMPAR by ankyrin-G, we used SIM to examine subsynaptic
localization with GluA1. Ankyrin-G nanodomains were partially
overlapping with and around GluA1 clusters (Figure 7D and
Figure S7F). Indeed, the mean distance between the center of
GluA1 and ankyrin-G was 0.381 ± 0.021 mm, very similar to
that of PSD95 and ankyrin-G, supporting a perisynaptic localiza-(D) SIM images of a spine from aGFP-expressing neuron immunostained for ankyr
nanodomains; open arrowheads, neck nanodomains. White in bottom left panel, c
and GluA1 localization, respectively.
(E and F) Western blots of coimmunoprecipitation experiments of ankyrin-G wit
precipitation.
(G and H) Correlation plots of nanodomain area (G) and number in the spine hea
(I) Bar graph showing GluA1 and PSD95 puncta area in spines with ankyrin-G in
mean ± SEM.
(J) SIM image of spine from GFPAnkG190-expressing neuron immunostained fo
(K) Bar graph showing GluA1 puncta area in spines with GFPAnkG190 overexpres
represented as mean ± SEM.
(L) Representative time lapse of GluA1-SEP fluorescence recovery in control or A
(M)Quantification ofGluA1-SEP fluorescence cluster intensity over time. Data are fit
(N) Bar graph of mobile fraction in control and AnkG190-overexpressing neuro
represented as mean ± SEM. See also Figure S7.tion for ankyrin-G. This partial colocalization suggests that
ankyrin-G may interact with AMPARs. To test this in vivo, we
performed coimmunoprecipitation experiments from rat cortical
lysate, showing that ankyrin-G interacts in a complex with GluA1
and b-spectrin (Figures 7E and 7F).
A significant fraction of ankyrin-G in spines did not colocalize
with GluA1, suggesting other potential mechanisms of regula-
tion. GluA1 cluster size was not correlated with ankyrin-G nano-
domain area or number in the spine head (Figures 7G and 7H).
However, in spines where ankyrin-G was present in the neck in
addition to the head, the mean GluA1 cluster area was signifi-
cantly increased by 38% (*p = 0.033, t test, Figure 7I), whereas
the PSD95 area was independent of the presence of ankyrin-G
in the neck (p = 0.350) and solely dependent on ankyrin-G in
the head. To assess the effects of ankyrin-G presence in the
neck in addition to the head on GluA1 clusters, we imaged
neurons overexpressing GFPAnkG190 and immunostained for
GluA1 (Figure 7J). Overexpression of GFPAnkG190 in the head
and neck caused a significant increase in GluA1 cluster area,
whereas overexpression in the head alone did not have signifi-
cant effects (p = 0.004, one-way ANOVA; Figures 7J and 7K).
If ankyrin-G contributes to scaffolding or retention of AMPARs
in spines, we would expect alterations in AMPAR surface
dynamics upon manipulation of ankyrin-G expression. We
performed fluorescence recovery after photobleaching (FRAP)
of GluA1-SEP clusters to measure AMPAR mobility in neurons
overexpressing AnkG190. Overexpression of AnkG190 reduced
the amount of GluA1-SEP fluorescence recovery in spines
compared with control neurons (Figures 7L and 7M), and calcu-
lation of the total mobile fraction of GluA1-SEP in each condition
revealed a 39% decrease in GluA1-SEP mobility in AnkG190-
overexpressing neurons compared with control (p = 0.072,
t test; Figure 7N). This suggests ankyrin-G overexpression in
spines increases AMPAR stability.
Ankyrin-G Contributes to the Regulation of Chemical
LTP-Induced Spine Plasticity
Due to the effects that manipulation of ankyrin-G expression
had on spine morphology and function, we hypothesized that
ankyrin-Gmight play a role in activity-dependent spine plasticity.
We used a well-characterized chemical LTP (cLTP) protocol
shown to cause rapid activation of NMDA receptors, causing
increased spine area and density (Chung et al., 2004; Liaoin-G (red) andGluA1 (blue). Scale bar = 0.2 mm.Closed arrowheads, spine head
olocalization highlighter. Last two panels show ratiometric images of ankyrin-G
h GluA1 and spectrin from rat cortex. mIgG, control mouse IgG; IP, immuno-
d (H) versus GluA1 puncta area.
the head only or in the head and neck, *p = 0.033, data are represented as
r GluA1. Scale bar = 0.2 mm.
sed in the head only or in the head and neck (*p = 0.04, n = 75 spines), data are
nkG190 overexpressing neurons in FRAP experiment. Scale bar = 1 mm.
tedwith single exponentials (colored lines); data are represented asmean± SEM.
ns (60.95% ± 5.0% to 37.26% ± 4.3%, **p = 0.0072, n = 10 cells), data are
Neuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc. 409
(legend on next page)
Neuron
Ankyrin-G Nanodomains Regulate Dendritic Spines
410 Neuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc.
Neuron
Ankyrin-G Nanodomains Regulate Dendritic Spineset al., 2001; Xie et al., 2007). We performed cLTP with control or
knockdown neurons, imaged them by confocal microscopy, and
analyzed spine area and density (Figures 8A–8C). We observed
significant increases in spine size (27%) and density (25%)
(area: **p = 0.0023, density: *p = 0.023, t tests; Figures 8B and
8C), although in ankyrin-G knockdown neurons, there were no
such increases after cLTP treatment (area: p = 0.710, density:
p = 0.663, t tests; Figures 8B and 8C), suggesting that ankyrin-
G knockdown occludes the structural changes induced by cLTP.
Ankyrin-G Accumulates in Synapses during cLTP
We next asked how ankyrin-G might be involved in spine
enlargement during cLTP. We costained GFP-transfected neu-
rons for ankyrin-G and imaged them by confocal microscopy
(Figure 8D). Ankyrin-G accumulated in spines after cLTP treat-
ment, characterized by an increase in the ankyrin-G spine-to-
shaft ratio (**p = 0.0041, Mann-Whitney U; Figure 8E). We used
SIM to assess changes in distribution of ankyrin-G nanodomains
after cLTP (Figure 8F). We again saw increases in spine head
area (24%), width (16%), and length (12%) (area: **p = 0.0096,
width: *p = 0.018, length: *p = 0.047,Mann-WhitneyU; Figure 8G;
Figures S8A–S8C), which corroborates recent superresolution
studies (Tønnesen et al., 2014). The number of nanodomains in
the spine head increased significantly after cLTP treatment (Fig-
ure 8H), even when normalized to spine head area (Figure S8D),
suggesting that the increase in ankyrin-G nanodomain number is
not solely due to increased spine head size but that ankyrin-G is
enriched in the spine head after cLTP. Correlations between
spine head area and ankyrin-G nanodomain number were similar
for both control and cLTP conditions (Figures S8E and S8F).
Spine head enlargement after cLTP correlated significantly
with the number of ankyrin-G nanodomains in the spine head,
with no enlargement in spines lacking ankyrin-G (Figure 8I),
underlining the potential importance of ankyrin-G in this process.Figure 8. Ankyrin-G in Dendritic Spines Is Required for LTP
(A) Confocal images of control or knockdown neurons treated with control or ch
(B and C) Bar graphs of spine areas (B) and spine density (C) in control or cLTP co
cells), data are represented as mean ± SEM.
(D) Confocal images of control and cLTP treated cortical neurons expressing
Scale bar = 5 mm.
(E) Quantification of spine:shaft ratio of ankyrin-G after treatment with cLTP prot
(F) SIM images of spines from GFP-expressing cortical neurons stained for anky
(G) Bar graph showing increased spine head area in cLTP versus control, based o
spines), data are represented as mean ± SEM.
(H) Bar graph showing increased nanodomain number in spine heads after cLTP, b
mean ± SEM.
(I) Graph of correlation between change in spine head area of cLTP spines compa
spine head, as determined by immunostaining for ankyrin-G subsequent to cLTP
(J) Bar graph showing increased spine neck width after cLTP treatment compared
***p < 0.0001, n = 55–67 spine necks), data are represented as mean ± SEM.
(K) Bar graph of spine head area after cLTP treatment in spineswith/without ankyri
represented as mean ± SEM.
(L) Bar graph of spine neck width after cLTP treatment in spines with/without ank
spines), data are represented as mean ± SEM.
(M) SIM images of control or cLTP treated neurons immunostained for ankyrin-G
(N) Bar graph showing increased overlap of ankyrin-G nanodomains with Glu
mean ± SEM.
(O–Q) Analysis of ankyrin-G distribution in hippocampal cytoskeletal (P), membr
mice. Western blots: upper blots are probed with ankyrin-G and lower blots are p
mean ± SEM. See also Figure S8.Spine neck width increased by 20% after cLTP treatment (***p <
0.0001, Mann-Whitney U, Figure 8J), with no change in spine
neck length (p = 0.303, Mann-Whitney U, Figure S8G). Interest-
ingly, spines with ankyrin-G in their neck in addition to their
head did not undergo cLTP-dependent spine head enlargement
(Figure 8K), potentially due to the fact that this subset of spines
already has large head areas that might not be able to expand
further. Presence of ankyrin-G in the spine neck had no impact
on the effect of cLTP on spine neck width (Figure 8L), supporting
a role for ankyrin-G in regulating spine neck width in basal and
active conditions. SIM imaging of neurons immunostained for
ankyrin-G and GluA1 showed a significant increase in overlap
between ankyrin-G nanoclusters and GluA1 (from 8% to 23%,
***p = 0.0002, Figures 8M and 8N), suggesting that ankyrin-G
moves to overlap more fully with AMPARs during cLTP.
Increased Association of Ankyrin-G with the Plasma
Membrane and Cytoskeleton In Vivo
To determine whether AnkG190 translocates in vivo in response
to a physiological learning paradigm, we analyzed subcellular
fractions from the hippocampus of mice subjected to fear condi-
tioning, a well-characterized model of learning and memory.
AnkG190 was enriched in the membrane (84%) and cytoskeletal
fractions (60%) from trained compared with naive mice but not
in the cytosolic fraction (cytoskeleton: *p = 0.045, membrane:
**p = 0.0067, cytosol: p = 0.488, t tests, Figures 8O–8Q). These
data suggest that ankyrin-G has greater association with both
the cell membrane and cytoskeleton following a learning task
in mice.
DISCUSSION
ANK3 (ankyrin-G) is emerging as a shared risk factor for
multiple psychiatric disorders including SZ, ASD, ID, and BDemical LTP (cLTP) protocol. Scale bar = 5 mm.
nditions, in control, or knockdown neurons (**p = 0.0023, *p = 0.023, n = 14–19
GFP and costained with ankyrin-G (red). Arrowheads, ankyrin-G puncta.
ocol (**p < 0.01, n = 12–15 cells), data are represented as mean ± SEM.
rin-G (red) in control or cLTP conditions. Scale bar = 0.25 mm.
n SIM images (0.530 ± 0.040 mm2 to 0.662 ± 0.040 mm2, **p = 0.0096, n = 71–80
ased on SIM imaging, ***p < 0.0001, n = 67–70 spines, data are represented as
red with mean control spine area and number of ankyrin-G nanodomains in the
. ***p < 0.0001, Spearman correlation = 0.74.
with control, based on SIM images (from 0.152 ± 0.006 mm to 0.183 ± 0.005 mm,
n-G in their necks, based on SIM images (*p = 0.037, n = 71–80 spines), data are
yrin-G in their necks, based on SIM images (**p = 0.009, **p = 0.007, n = 71–80
(red) and GluA1 (green). Scale bar = 2 mm.
A1 clusters after cLTP (***p = 0.0002, n = 5 cells), data are represented as
ane (Q), and cytosolic (R) subcellular fractions from naive or fear-conditioned
robed with actin (*p = 0.045, **p = 0.0067, n = 5 mice), data are represented as
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et al., 2009). These disorders are unified by glutamatergic syn-
apse pathology, yet little is known about potential functions of
ankyrin-G in spines. Roles for ankyrin-G at other types of synap-
ses have begun to emerge: organizing GABAergic synapses at
the AIS (Huang et al., 2010) and stabilizing presynaptic structure
at the Drosophila NMJ (Pielage et al., 2008). Our data support
a model (Figures S8H–S8J) whereby ankyrin-G functions at
glutamatergic synapses and thereby may contribute to disease
pathogenesis. Superresolution microscopy identified ankyrin-G
nanodomains localized perisynaptically in the spine head and
also in the spine neck. These nanodomains contribute to
AMPAR-mediated synaptic transmission by controlling AMPAR
cluster stability, spine head size, neck width, and cLTP-depen-
dent spine enlargement. Furthermore, stimuli that induce plas-
ticity or learning in vivo induce accumulation of ankyrin-G to
synapses, the cytoskeleton, and membranes, thus supporting
a role for ankyrin-G in synaptic plasticity and a mechanism by
which the glutamatergic synaptic pathology may be mediated
in neuropsychiatric disorders.
Superresolution Imaging Identifies Subsynaptic
Ankyrin-G Nanodomains
Confocal imaging indicated the presence of ankyrin-G in spines
and its colocalization with glutamatergic synaptic markers;
however, the resolution of this technique does not reveal sub-
synaptic detail. The advent of superresolution microscopy has
facilitated imaging beyond the diffraction limit of light, providing
unprecedented insight into subcellular architecture (Tønnesen
and Na¨gerl, 2013). Several recent studies have used these
techniques to reveal that AMPARs, PSD95, actin, and CaMKII
are localized to subsynaptic domains (Frost et al., 2010; Lu
et al., 2014; MacGillavry et al., 2013; Nair et al., 2013). Super-
resolution approaches have not yet been used to investigate
synaptic function of newly identified psychiatric risk genes.
Our measurements of spine geometry derived from SIM images
are consistent with other reports using superresolution micro-
scopy (Tønnesen et al., 2014), and we observe very similar
changes in spine neck width during LTP, underlining the accu-
racy of our imaging technique. Ankyrin-G forms nanodomains
of 130 nm in diameter, three times smaller than the PSD itself,
and organizes perisynaptically and in the spine neck. This is in
contrast to ‘‘classical’’ PSD scaffolds that are large heteroge-
neous platforms (MacGillavry et al., 2011). This difference is
highlighted by the observation that ankyrin-G nanodomain
number but not area correlates with spine head size, suggest-
ing that they are discrete entities and do not multimerize.
Ankyrin-G nanodomains were not located directly within the
PSD, but surrounding the PSD, or within the spine neck away
from the synapse. PALM imaging has recently identified a
similar localization for CamKII, a key protein involved in synap-
tic plasticity (Lu et al., 2014). Our SIM localization data suggest
a function for ankyrin-G that differs from a ‘‘classical’’ PSD
scaffolding protein.
Ankyrin-G Nanodomain Function in Spines
At the AIS, ankyrin-G is known to mediate recruitment and
organization of molecules, but how ankyrin-G may regulate the412 Neuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc.structure and function of glutamatergic synapses is unknown.
We show that b-spectrin is in a complex with ankyrin-G and
AMPARs. b-spectrin is a component of the submembranous
cytoskeleton, previously reported to interact with ankyrin-G
(Bennett and Healy, 2009), is abundant in dendrites and spines
(Ursitti et al., 2001), and has been shown to regulate spine
morphology by bundling actin filaments (Nestor et al., 2011).
By introducing point mutations known to abolish ankyrin-G’s
interaction with b-spectrin, we prevented targeting of ankyrin-
G to spines and caused a reduction in spine size. This mutation
also abolishes the effect of AnkG190 overexpression on spine
head area, neck width, and GluA1 cluster area, pointing to
b-spectrin being a major mediator of ankyrin-G function in
spines. This is similar to interactions at the Drosophila NMJ,
where b-spectrin recruits ankyrin2 and is responsible for the
structure and organization of the synapse (Pielage et al., 2006).
These results indicate that interaction with the cytoskeleton,
through b-spectrin, is important for both localization of ankyrin-
G to spines and its function at synapses.
At the nanoscale, ankyrin-G showed only partial overlap with
PSD95 with a mean distance of 378 nm between the center of
PSD95 puncta and the surrounding ankyrin-G nanodomains.
This perisynaptic position of ankyrin-G corresponds with the
pool of F-actin that resides 300 nm from the PSD center
(Frost et al., 2010), placing ankyrin-G in an ideal position to
modulate this pool of actin. Indeed, the morphology of the
PSD is dynamically regulated by the actin cytoskeleton that
surrounds it (Blanpied et al., 2008) and this can have direct
effects on clustering of AMPARs and efficacy of synaptic trans-
mission (MacGillavry et al., 2013). We found that spine head
and PSD size correlated with the number of ankyrin-G puncta
in the spine head, suggesting that ankyrin-G may link to
the actin cytoskeleton and be important for modulation of
the PSD. Ankyrin-G nanodomains also partially overlap with
GluA1 puncta in spines, showing perisynaptic localization
based on SIM. Coimmunoprecipitation experiments indicate
that ankyrin-G, AMPARs, and b-spectrin participate in a com-
mon complex, supporting our model in which ankyrin-G links
a perisynaptic pool of AMPARs to the b-spectrin-actin cyto-
skeleton, therefore stabilizing these receptors. Our FRAP data
showed that overexpression of AnkG190 caused a significant
reduction in AMPAR mobility in spines, further supporting the
function of ankyrin-G as an additional synaptic scaffold. The
interaction between ankyrin-G and GluA1 is likely to be indirect
and could be mediated by multiple proteins, such as the acces-
sory protein stargazin, which mediates the interaction between
AMPARs and PSD95 (Bats et al., 2007) and the b-spectrin-actin
cytoskeleton adaptor protein 4.1N, which regulates the exocy-
tosis of GluA1-AMPARS (Lin et al., 2009). It is also important to
emphasize that ankyrin-G may be mediating these effects by
altering the actin cytoskeleton, which could cause changes in
receptor scaffolding, trafficking, and other related indirect
mechanisms.
In addition to their perisynaptic localization, ankyrin-G nano-
domains were present in the neck of 74% of spines analyzed.
Localization in spine neck is particularly intriguing, as it has
been reported for few other proteins including DARPP-32
(Blom et al., 2013), septin 7 (Tada et al., 2007), and synaptopodin
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Ankyrin-G Nanodomains Regulate Dendritic Spines(Deller et al., 2000). At the AIS, ankyrin-G acts as a barrier to
limit the lateral mobility of ion channels and protein diffusion
(Rasband, 2010). The additional presence of ankyrin-G in the
spine neck correlated with increased size of AMPAR clusters in
the spine head, but not the size of the PSD, again suggesting
a role for modulating the abundance of dynamic, diffusive
proteins, rather than the relatively static PSD. Ankyrin-G may
act as a barrier in the spine neck, limiting the mobility of GluA1
out of the spine, promoting the retention of AMPARs in the spine
head and thereby maintaining synaptic function. This proposed
mechanism is supported by experimental data and mathe-
matical models that indicate that the spine neck plays an essen-
tial role in limiting diffusion (Ashby et al., 2006; Kusters et al.,
2013; Simon et al., 2014).
Ankyrin-G Regulates Spine Neck Width
Due to previous resolution limitations, proteins that affect
neck morphology have not been extensively studied. Our
GFPAnkG190 overexpression experiments show that ankyrin-
G can alter spine neck width in addition to head size; when over-
expressed in the spine head, only spine head area increased;
however, when overexpressed in the spine head and neck
concurrently, head area increased even more and was accom-
panied by neck thickening. Spine neck changes have recently
been shown to be a critical parameter of spine plasticity (Tønne-
sen et al., 2014), and it is emerging that spine necks are essential
for myriad spine functions, including modulating AMPAR diffu-
sion (Ashby et al., 2006; Kusters et al., 2013; Simon et al.,
2014), compartmentalization of signaling (Grunditz et al., 2008;
Murakoshi et al., 2011; Noguchi et al., 2005), and regulating diffu-
sion across the neck during activity (Bloodgood and Sabatini,
2005). The presence of the leading psychiatric risk gene an-
kyrin-G within the spine neck places it at a critical crossroads
for influencing synaptic functions.
Ankyrin-G Contributes to cLTP-Dependent Plasticity
in Spines
Knockdown of ankyrin-G impairs cLTP-dependent enlargement
of spines, suggesting that ankyrin-G contributes to structural
changes during cLTP. Neuronal activity caused accumulation
of ankyrin-G in spines and SIM revealed that this was due to
an increase in number, but not size, of ankyrin-G nanoclusters,
indicating protein enrichment. Considering our data showing
ankyrin-G overexpression in spines causes increased spine
area, we propose that cLTP-dependent accumulation of an-
kyrin-G in spines is likely to play a key role in spine enlargement
during synaptic plasticity. During this early stage of cLTP, rapid
polymerization of actin and activation of CamKII occurs with
specific proteins being trafficked into the spine, including
AMPARs and actin remodeling proteins (Sala and Segal, 2014).
This, combined with the location of ankyrin-G nanodomains at
regulatory sites for plasticity (Cingolani and Goda, 2008), sug-
gests that ankyrin-G may play a role in the modulation of cLTP.
SIM showed that colocalization of ankyrin-G nanoclusters with
GluA1 also increases after cLTP, indicative of increased partici-
pation in multiprotein complexes that may stabilize AMPARs
at synapses. If ankyrin-G is an additional scaffold in the spine,
it might be involved in localization and support of multiplemembrane proteins including ion channels and NMDARs, which
are essential for cLTP induction and expression. Further work
will be required to dissect the exact role of ankyrin-G in this pro-
cess. In support of our findings in cultured neurons, analysis of
hippocampal lysates from mice that had undergone a learning
task demonstrated significantly more ankyrin-G in the mem-
brane and cytoskeletal fractions in trained mice. These data
show that a physiological learning paradigm can cause reloca-
tion of a pool of ankyrin-G, supporting the validity of our cellular
findings and pointing to a mechanism involving ankyrin-G in
learning and memory. This is also supported by recent data
showing ankyrin-G knockdown in Drosophila causes short-
term memory defects (Iqbal et al., 2013) and suggests that
roles of ankyrin-G in learning and memory are worthy of further
investigation.
Role for Ankyrin-G 190 kDa Isoform in Synapse
Maintenance and Plasticity
The longer isoforms of ankyrin-G have well-defined functions at
the AIS and NoR (Rasband, 2010); however, our data indicate a
role for 190 kDa ankyrin-G in the maintenance and function of
mature cortical synapses. This isoform has been identified in
PSDs (Nanavati et al., 2011), and our synaptoneurosome prepa-
rations corroborate an enrichment of this isoform at the synapse.
GFPAnkG190 was enriched at postsynaptic sites, compared
with GFPAnkG270, which was restricted to the AIS and SIM
revealed that GFPAnkG190 overexpression yielded morpholog-
ical changes in mushroom, but not thin spines. We show that
knockdown of ankyrin-G in mature neurons caused reduced
mEPSC amplitude and spine area. However, these effects
on spines were rescued by RNAi-resistant AnkG190 but not
AnkG270. Together, our overexpression and rescue experi-
ments and the enrichment of the 190 kDa ankyrin-G isoform in
spines suggest that this isoform mediates morphological effects
on dendritic spines.
Ankyrin-G and Synaptic Pathology
in Psychiatric Disorders
Though linked to SZ, ASD, and ID, ANK3 is most strongly linked
to BD where glutamatergic synaptic pathology has been
less extensively investigated. A previous study reported that
190 kDa ankyrin-G becomes specifically enriched in the PSD
upon treatment with lithium, a common drug used to BD (Nana-
vati et al., 2011). We show that cLTP increases ankyrin-G in
spines, in a similar manner to lithium treatment. Lithium has
been shown to enhance LTP (Voytovych et al., 2012), suggesting
that ankyrin-G in dendritic spines may be at the convergence
between plasticity and therapeutic pathways relevant for BD.
Our findings show that Ankyrin-G forms nanostructures within
synapses, both in the spine neck and head. While spine size
and density have been investigated, other parameters such as
spine neck length and width could be relevant for pathogenesis
as in an animal model of Rett syndrome (Belichenko et al., 2009).
This stresses the importance of examining disease-relevant
molecules at higher resolution to provide clues as to their
specialized functions and role in pathogenesis. Human neuro-
pathological studies using superresolution microscopy would
provide invaluable insight into pathogenesis. Our study suggestsNeuron 84, 399–415, October 22, 2014 ª2014 Elsevier Inc. 413
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by molecular pathways, and how these phenotypes (including
nanoscale localization of molecules) are affected in psychiatric
disorders, may allow for more accurate mapping of disease-
relevant genes and pathways onto specific elements of subcel-
lular architecture.EXPERIMENTAL PROCEDURES
Cell Culture
Dissociated cultures of primary cortical neurons were prepared from embry-
onic day 18 Sprague-Dawley rat embryos as described previously (Srivastava
et al., 2012).
Immunocytochemistry and Confocal Microscopy
Neurons were fixed, stained, imaged, and quantified as previously described
(Srivastava et al., 2012).
Structured Illumination Microscopy and Analysis
Multichannel structured illumination microscopy (SIM) images were acquired
using a Nikon Structured Illumination superresolution microscope using a
1003 1.4 NA objective and reconstructed using Nikon Elements software.
Single plane or z stack (z = 0.2 mm) images were processed and analyzed
using Nikon Elements software, MetaMorph, and ImageJ. Single-spine
analyses were carried out on 100 spines across five neurons per condition.
Electrophysiology
Cultured cortical neurons were recorded in whole-cell configuration 3–4 days
posttransfection (24–25 days in vitro) as described previously (Srivastava
et al., 2012).SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
eight figures, and one movie and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2014.10.010.
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